We propose a significant enhancement of the electron peak current entering a SASE undulator by inducing an energy modulation in an upstream wiggler magnet via resonant interaction with an optical laser, followed by microbunching of the energy-modulated electrons at the accelerator exit. This current enhancement allows a reduction of the FEL gain length. The x-ray output consists of a series of uniformly spaced spikes, each spike being temporally coherent. The duration of this series is controlled by the laser pulse and in principle can be narrowed down to just a single, ¾¼¼-attosecond spike. Given potentially absolute temporal synchronization of the x-ray spikes to the energy-modulating laser pulse, this scheme naturally makes pump-probe experiments available to SASE FEL's. We also study various detrimental effects related to the high electron peak current .
INTRODUCTION
SASE-based x-ray FEL projects continue to gather momentum at SLAC [1] and DESY [2] . Recently, Ref. [3] has proposed a technique (which we call current-Enhanced SASE or ESASE for short) to shorten the exponential gain length and provide temporal synchronization of the x-ray pulse to a master laser. Figure 1 shows a schematic of this technique as applied to the LCLS. An external, short pulse ( 30-100 fs) from a high power ( 1-10 GW) laser at wavelength Ä 2.2 m (e.g.TOPAS laser [4] ) overlaps a short e-beam section at moderate energy ( 4.5 GeV) in a short, appropriately-tuned wiggler (e.g. Ù 30 cm, Ù 1.7 T). This induces a periodic energy modulation with relative amplitude ¡ ¼ 5-10, where ¼ is the uncorrelated energy spread, but with minimal microbunching. Following final acceleration the electron beam passes through a dog-leg bend whose chromatic dispersion produces a periodic enhancement of the peak current to 20 kA. Finally, the electrons enter a long undulator and emit x-rays via the standard SASE process but with first saturation occurring by Þ 45-60 m. The radiation output from the current-enhanced portions will be a train of spikes at uniform spacing Ä whose total duration is directly related to that of the upstream, energymodulating laser. This emission will dominate SASE emis- [5, 6, 7] the common feature of employing an optical laser to induce energy modulation to produce short duration ( È 500 as) output pulses from an FEL together with absolute synchronization of the x-ray probe pulse to the laser pump pulse, thus permitting pump-probe experiments. In principle, it is also related to harmonic cascade configurations [8] . However, via the use of a dispersion section to strongly enhance the current, ESASE has the additional advantage of significantly reduced gain lengths. This may allow possible relaxation of the required electron beam emittance for saturation in the "standard" LCLS undulator or (for the same base emittance) saturation at x-ray wavelengths shorter than 0.15 nm.
We now present initial "start-to-end" numerical simulation results, investigate some potential detrimental effects due to the high peak currents, and then conclude with some remarks concerning possible experimental applications.
ACCELERATOR SIMULATIONS
We initiated "start-to-end" ESASE simulations with ¾ ¢ ½¼ macro-particles in the Parmela [9] code for the RF photo-cathode gun and low-energy injector systems, up to an energy of 135 MeV. After this point, the macroparticle number is increased ½¼¢, retaining all second moments and coordinate correlations, and then transported with the Elegant [10] code through the main linac, up to the entrance of the FEL undulator. These simulations included 2nd-order optics, accelerating structure wakefields, a model for the laser/wiggler energy modulator (EM) at 4.54 GeV, and a line-charge (1D) model of coherent synchrotron radiation (CSR) in and after the bends. The EM consists of a resonant laser-electron interaction in an 2.5-m long planar wiggler located immediately after the second bunch compressor chicane where the FWHM bunch length is 65 m. The EM can easily be installed in place of one existing 3-m long accelerating structure. Table 1 gives the EM and the final buncher parameters. Figure 2 displays the resulting current profile, transverse slice emittance, rms energy spread, and centroid energy modulation induced by an 0.8-m wavelength EM for a short core-section of the beam at 14.1 GeV. The current profile shows weak density modulation due to the wiggler's small momentum compaction (opposite in sign to the final buncher). Similar weak modulation of is also apparent. Following final acceleration, the beam passes through a 'dog-leg' transport line (DL2) which is used to produce a 1.25-m jog in the beamline to the south, in order to allow energy measurement and collimation. The DL2 beamline nominally has a very small momentum compaction of Ê 0.1 mm, but it can be easily increased, or even reversed in sign, by small adjustments in the gradients of three nearby quadrupole magnets. For the energy modulation shown in Fig. 2 , Ê 0.30 mm is optimum. Fig. 3 shows the beam characteristics immediately following this bend system, including CSR effects.
CSR calculations require both a large number of macro- particles and narrow bin width ( 6 nm) due to the short ESASE bunching length ( 30 nm rms). This spike length still greatly exceeds the CSR point-charge wake limit of Ê ¿ 0.01 nm at 14 GeV for bends with radius Ê 300 m [11] . It is worth noting that the CSR in the DL2 dipoles will be partially suppressed by a combination of a non-zero Ê ½ component and a relatively large transverse beam size. The projected spike length in the bends along the axis of propagation will broaden to Ü 400 nm, where Ü 45 m is the rms horizontal beam size at the bend entrance and ¼ AE is the bend angle. This longer effective length, the low charge in each spike, and the weak bend angles all minimize CSR effects, although a 20% horizontal emittance growth and some phase space distortion is still evident in Fig. 3 . Nonetheless, a fully 3D CSR calculation is needed to verify these 1D results.
FEL SIMULATION RESULTS
The 6D macroparticle distributions resulting from the ELEGANT tracking studies were directly imported as input to the FEL simulation codes GINGER [12] and GENESIS [13] . We performed a number of fully timedependent (¡Ø ×Ð 10 as) SASE runs at two different energy modulation wavelengths (0.8 and 2.2 m) and two undulator focusing lattices ( ¬ 26 and 12 m) with the standard LCLS Ù 30 mm undulator period. For these calculations wakefield effects were neglected. show significantly reduced saturation lengths, albeit with somewhat smaller average powers and inverse bandwidths than the "standard" LCLS configuration. In particular, if it were possible to achieve an ¬ =12 m or less, Ä × Ø is reduced to less than 50 m. We believe the enhanced gain from such an ESASE configuration would allow the LCLS to operate at a somewhat larger normalized emittance than the nominal 1.2 mm-mrad or at somewhat shorter wavelengths than the nominal 0.15 nm. The time-averaged powers for both the ESASE cases and standard LCLS parameter cases ("STD") are shown in Fig. 4 . Because GENESIS unlike GINGER includes non-axisymmetric modes, in the early regions of exponential gain it will tend to show a significantly higher power. One important feature of the ESASE runs is that the instantaneous power is essentially composed of simple, uniformly-spaced spikes with effective widths 0.5 fs up to and about one-to-two gain lengths beyond Ä × Ø . Between the individual spikes, the instantaneous SASE power is smaller by three orders of magnitude or greater. As predicted by Ref. [14] for SASE in the short pulse limit, the individual spikes support a single coherent longitudinal mode and their bandwidth is approximately transform-limited for Þ Ä × Ø (presuming one has matched Ä to approximately one coherence length). Fig. 5 shows È´Øµ snapshots at various Þ-locations for a ¾ ¾-m laser-modulated pulse with ¬ =12 m. At Þ=57 m, approximately three gain lengths beyond saturation, some spikes begin to display multi-peak structure and pulse widths approaching 1-fs or greater due to slippage effects.
COLLECTIVE EFFECTS
The high peak current in the ESASE spikes raises concerns that impedance effects may induce sufficient energy spread to seriously degrade FEL performance. We now estimate the effects from three different sources.
Wakefield Effects
The longitudinal resistive wall wake of high-current spikes will be partially suppressed by the large catch up distance Þ associated with the short spike length. Indeed, for ×Ô =30 nm and undulator pipe radius =2.5 mm, we find Þ ¾ ¾ ×Ô 100 m, which exceeds the expected FEL saturation length. Due to the finite beam , the extension of the image charge induced on the wall by a single spike, 100 nm, is larger than ×Ô . This somewhat reduces Þ . However, even without this reduction, the wake induced by a single spike inside itself is expected to be small due to the small charge of the spike ( Ç´½¼µ pC). If we take for the wake the value Û ¼ ¾ (the limit of the steady state wake for very short bunches; see, e.g.Ref. [15] ) where ¼ =377ª is the vacuum impedance, we estimate the induced energy spread in the spike due to this wake will be AE ¢ ½¼ at Þ=100 m. This is smaller than the intrinsic energy spread of the ESASE spike and should only slightly affect FEL performance.
The total charge in the spikes is a relatively small fraction of the total charge of the bunch. This means that the average wake of multiple spikes will be dominated by the averaged smooth current distribution in the bunch. This wake is not supposed to generate excessive energy spread in the beam.
Coherent Undulator Radiation
Coherent undulator radiation (CUR) at wavelengths comparable to the spike length ( 30 nm) but much longer than the resonant FEL wavelength Ö ¾ Ö (=0.15 nm) can be an important impedance source. The CUR impedance per unit length at wavenumber for a long pencil beam is [16, 17] If necessary, the current bunching could be delayed by making the DL2 dogleg isochronous together with installation of a weak chicane just before the undulator. Over the 100-m length of the undulator, the space-charge-induced energy spread increase is less than that of the spikes's initial value .
Longitudinal Space Charge Effects

CONCLUDING REMARKS
The ESASE technique allows obtaining electron beam micro-bunches with a peak current unthinkable from a standard electron bunch compressor. Our preliminary investigations suggest that the high peak currents induce only limited beam quality degradation due to collective effects such as CSR, wakefields, and space charge; nonetheless more detailed studies are needed for greater certainty. Although the exponential ESASE gain length is only somewhat shortened relative to an unmodulated beam for the standard LCLS undulator with ¬=26 m, there is a much shorter gain length and more rapid saturation in Þ for ¬=12 m. For this latter case, detailed "start-to-end" simulations show that the output SASE x-ray pulse will be dominated by periodic spikes of a few hundred attosecond or less duration. Consequently, the duration of the overall output envelope can be controlled by adjusting the modulating laser pulse. One can also obtain absolute synchronization between these two pulses which can be used in the pump-probe experiments for ultra-fast dynamics studies at the femtosecond time scale and beyond. We plan further studies to explore more fully the potential of ESASE techniques at the LCLS.
